In this paper we propose a plane pendulum model to study the lateral vibrations of a suspension bridge under crowd excitation. The cables and the bridge deck of the suspension bridge are represented by two strings and a rigid body, respectively. The lateral force induced by the crowd is expressed by a cosine function with random phase. The proposed model can be used to exhibit the whole changing process how a suspension bridge increases its lateral amplitude from small to large. It is shown that the worst case appears when the ratio between the lateral natural frequency of the bridge and the lateral step frequency of the pedestrians approaches 1/2. Comparing with other existing models, the proposed model takes the structural characteristics of the suspension bridge into account, and describes the lateral force induced by crowd with a unified form for different lateral bridge amplitudes.
INTRODUCTION
The excessive lateral vibrations of footbridges under crowd have drawn particular attention over the last ten years [1] . Excessive lateral vibrations in almost all types of footbridges, such as suspensions, arch bridges, truss bridges have been observed. Two aspects are involved in solving the lateral vibrations problem: one is how to find proper expressions for the lateral force induced by pedestrians on a footbridge. The other is the mechanism of pedestrian-bridge interaction. On the first point, the lateral force induced by a pedestrian usually is studied by using an empirical approach. If a pedestrian walking on a static rigid surface, the lateral force can be approximately expressed by a cosine function with constant amplitude. When a pedestrian walking on a lateral moving surface, the pedestrian will tend to spread the feet further apart and walk at the same lateral frequencies as that of the surface. If the lateral amplitude of the moving surface is large, the interaction between the pedestrian and the moving surface make the pedestrian generate an additional nonnegligible force component. Dallard et al. [2] considered the component is related to the lateral velocity of the moving surface. Piccardo and Tubino [3] argued that the component involves the lateral amplitude of the moving surface. However, no force models allow describing the whole process when the lateral amplitude of a footbridge increases from small to large.
In this paper we use a cosine function with random phase to uniformly describe the lateral force induced by pedestrians for different lateral bridge amplitudes. In addition, almost existing models regard a footbridge as a single degree of freedom system. In fact, researches on suspension system [4] showed that strings have significant effects on dynamic behavior of the suspension system. Thus, we should not ignore structural features in the analysis of a suspension bridge. The rest of the paper is organized as follows: the pendulum model and crowd excitation are introduced in section 2. Stability analysis is carried out to discuss the influence of the random phase in section 3. Finally, conclusions are drawn in section 4.
THE PLANE PENDULUM MODEL
The proposed plane pendulum model is shown in Figure 1 .The two symmetrically inclined lines and the horizontal rectangles represent the cables and the bridge deck, respectively. The cables are considered as strings with infinite axial stiffness but without mass and transverse stiffness, the bridge deck is considered as a rigid body. The length of strings is l 1 , the width, mass and lateral damping coefficient of the bridge deck are 2l 2 , M and C L , respectively. In addition, the rotary inertia around the centroid of the bridge deck is I. A plane coordinate system is set up at point O. The inclined angle of the two strings under gravity is denoted by ϴ 0 . The rotation angle of the string on the left is assumed as ϴ at some time when the bridge laterally sways. The lateral force induced by pedestrians acting on the centroid of the bridge deck is denoted by F l (t), which has the following expression 
where  is the percentage of synchronized pedestrians,  the "dynamic loading factor", Figure 1 is given by
where
STABILITY ANALYSIS OF THE PLANE PENDULUM MODEL
The mean square stability is adopted here for stability analysis of system (2). The solution of system (2) is stable if all solutions satisfy 2 2 lim
where [] E represents mathematical expectation. In Figure 2 we numerically give the stability charts of system (2) Since the lateral vibrations of the bridge reduce the randomness of the pedestrians' walking phases, the whole changing process that the lateral vibration amplitude of the bridge increases from small to large can be exhibited in the plane pendulum model. Figure 2 shows why excessive lateral vibrations occur in a suspension bridge if the lateral natural frequency of the bridge is close to the half the lateral step frequency of the pedestrians. 
CONCLUSIONS
In this paper we propose a plane pendulum model to investigate the lateral vibrations of a suspension bridge under crowd excitation. The suspension bridge is simplified as a section model consisted of two strings and a rigid body representing cables and the bridge deck, respectively. The lateral force induced by pedestrians is assumed to vary with an almost perfect period, which is expressed by a cosine function with random phase. We use the degree of the randomness of the walking pedestrians' phases to measure the influence the changes of the lateral bridge amplitude on lateral force. The stability analysis for the plane pendulum model shows that the model can be used to explain the occurrence of excessive lateral vibrations in a suspension bridge with half lateral natural frequency of the bridge.
